plete structural gene of SPase was confirmed by DNA sequencing.
Random mutagenesis. Diversify TM PCR Random Mutagenesis Kit (BD Biosciences Clontech), which is based on error prone PCR, was used to introduce random mutations to the S. mutans SPase gene. Error prone PCR was carried out using pSSP409 (1 ng) as a template DNA and the two following oligonucleotides primers (each 10 µM), BcaRV (5 TTTCATATGGACCTTCCCCGCGCTT TCGGTCTGCTT 3 ) and KKC2 (5 TTTGAATTCGGGC TGGTCCACCTAGAGCCGTTCCGT 3 ). The reaction conditions were the same as those of the standard method, but with 40 µM extra dGTP. A few nucleotides per kbp DNA were substituted under these conditions. The amplified DNA were digested with ClaI and EcoRI and then inserted into the ClaI EcoRI site of pKK388 1, and the plasmid library was consequently constructed.
Site-directed mutagenesis. Site directed mutagenesis was carried out using Quick Change XL Site Directed Mutagenesis Kit (Stratagene). The introduction of the desired nucleotide change without second site mutations was verified by DNA sequencing analysis.
Enzyme activity assay. The recombinant SPase was assayed in a 50 µL reaction mixture containing 5% (wt vol) sucrose, 100 mM sodium phosphate buffer (pH 7.0), and enzyme. The reaction mixture was incubated at 37 C for 20 min, and the reaction was then terminated by heating at 100 C for 5 min. The amount of G 1 P produced was coupled to the reduction of NAD in the presence of phosphoglucomutase and glucose 6 phosphate dehydrogenase. One unit of SPase was defined as the amount of enzyme that caused the reduction of 1 µmol of NAD per minute under these assay conditions.
Production and purification of the recombinant S. mutans SPase and the mutated enzymes. Escherichia coli TG 1 (supE , hsd 5, thi, (lac proAB ) F [traD 36, proAB + , lac I q , lacZ M15]) carrying plasmid with SPase gene or its mutated gene was grown at 37 C for 8 h in LB liquid medium containing 50 µg mL ampicillin. Then, isopropyl β D thiogalactopyranoside (IPTG) was added to a final concentration of 0.4 mM, and the culture was grown at 27 C for another 18 h. After that, the cells were harvested and washed twice with 20 mM Tris HCl (pH 7.0). The cells were suspended in the same buffer and disrupted by sonication, and then centrifuged to remove the cell debris. The recombinant SPase was further purified from the cell extract by chromatography with Q sepharose (Amersham Bioscience), Phenyl Toyopearl 650M (Tosoh) and Source 15Q (Amersham Bioscience). The wild type and all mutated enzymes thus prepared exhibited a single band of approximately 56 kDa on SDS PAGE, which was similar to the deduced size (data not shown).
Determination of the thermal stability of wild-type and mutated enzymes. The enzyme prepared as described in MATERIALS AND METHODS was diluted with 20 mM Tris HCl buffer (pH 7.0) to 3 U mL. A 50 µL of the enzyme solution was heated for 20 min at the appropriate temperature, and the remaining activity was then determined. The thermal stability was shown as a rate of the remaining activity to the activity of the pre heated enzyme in this study.
Synthesis of amylose from sucrose and determination of its molecular mass. Amylose was produced in a 1 mL of reaction mixture containing 2% (58.5 mM) sucrose, 10 mM sodium phosphate buffer (pH 7.0), 50 µM maltotetraose, 1 U mL SPase and 1 U mL glucan phosphorylase from potato.
11) The reaction was performed at 45 C for 18 h and terminated by heating at 100 C for 5 min. The amount of glucose, fructose and G 1 P was then determined. Glucose and fructose released during the amylose synthesis were determined using F Kit Glucose Fructose, (Roche Diagnostics, Germany), and these amounts are represented as G1 and F1, respectively. To determine an amount of G 1 P, 600 µL of the diluted reaction solution was incubated with 300 µL of assay reagent containing 200 mM Tris HCl (pH 7.0), 3 mM NAD + , 15 mM MgCl2, 3 mM EDTA, 15 µM glucose 1,6 bisphosphate, 6 µg mL phosphoglucomutase and 6 µg mL glucose 6 phosphate dehydrogenase at 30 C for 30 min, and the absorbance at 340 nm was measured. The amount of G 1 P, G1P1, was determined by using the standard curve. The yield of amylose was calculated by the following equation: Yield (%) (F1 G1P1 G1) 58.5 × 100. The amylose solution thus prepared was centrifuged to remove insoluble materials and subjected to high performance liquid chromatography (HPLC) with a multi angle laser light scattering photometer (MALLS; DAWN DSP, Wyatt Technology Co., Ltd., CA, USA) and a differential refractive index detector (RI; RI 71, Showa Denko, Tokyo, Japan). Columns were Shodex OH pak SB 806M HQ (6.0 × 300 mm, Showa Denko) with a pre column (OH pak SB G). Elution was carried out at 40 C with 0.1 M NaNO3 at a flow rate of 1.0 mL min. The molecular mass was determined according to the instruction manual for DAWN DSP.
Other procedures. Protein concentrations were determined using a protein assay kit (Bio Rad), with bovine gamma globulin as a standard. SDS polyacrylamide gel electrophoresis (PAGE) was carried out by using a 5% to 20% gradient precast gel (Bio rad), and the gel was stained with Coomassie Brilliant Blue.
RESULTS

Screening of the SPase with enhanced thermal stability.
A gene of SPase from S. mutans was mutated by error prone PCR, and then inserted into the ClaI EcoRI sites of pKK388 1. E. coli TG 1 was transformed with a mixture of the plasmid including the mutated genes and plated onto LB agar plates containing 50 µg mL ampicillin. The plates were incubated at 37 C for 18 h and the colonies obtained were transferred to 150 µL of liquid TB medium (GIBCO) containing 50 µg mL ampicillin in a 96 well plate. The plate was incubated at 37 C and 50 µL of lysis solution (10 mg mL lysozyme, 1 U mL DNase I, 200 mM MgCl2, 0.5% Triton X 100) was subsequently added to the culture. The same plate was kept at 80 C for 1 h and then incubated at 37 C for 1 h. The lysate obtained was used as the enzyme solution for the following assay. A 50 µL of the enzyme solution was transferred to an-other 96 well PCR plate and heat treated at 52 C for 20 min on a heat block. A 50 µL of SPase assay solution (4% sucrose, 100 mM sodium phosphate buffer (pH 7.0), 0.5 mM maltotetraose, 2 U mL potato glucan phosphorylase) was added to the heat treated enzyme solution and incubated at 45 C for 2 h. An enzyme still retaining SPase activity even after this heat treatment is expected to produce G 1 P from sucrose which is subsequently converted into amylose by the action of glucan phosphorylase. In order to detect a mutant that produces amylose under these conditions, the assay solution was mixed with 100 µL of iodine solution (0.1% I2 and 1% KI in 3.8 mM HCl). The blue colored solution indicated the presence of thermostable SPase. With this screening program, 120 positive clones were obtained as primary candidates from about 45,000 clones. The cell extract of each of the 120 positive clones was prepared, and each enzymes was partially purified using chromatography with Q sepharose and Phenyl Toyopearl 650M. The thermal stability at 55 C of the enzyme thus prepared was examined and those enzymes with a thermal stability higher than the wild type enzyme were selected as the second step candidates. The amino acid substitutions that contribute to the enhancement of thermal stability of these mutated enzymes were identified by nucleotide sequence analysis. When the mutated enzyme has more than two amino acid replacements, a mutated gene was constructed again by introducing each mutation into the wild type enzyme by site directed mutagenesis. In order to identify the effect of each single amino acid substitution on the thermal stability, these mutated enzymes were purified to be a single band on the SDS PAGE (data not shown) and their thermal stabilities were examined. From these experiments, eight mutated enzymes with T47S, S62P, Y77H, V128L, K140M, Q144 R, N155S or D249G mutation were finally selected ( Table 1 ).
The effect of the combination of the eight amino acid substitutions on thermal stability. It is widely known that the thermal stability of an enzyme can be elevated by combining each mutation that contributes to the enhancement of the thermal stability. 11, 12) To evaluate the effect of the combination of the eight amino acid substitutions on thermal stability, those mutations were combined and their thermal stabilities were then examined. The enzyme with two mutations, T47S and D249G, retained more than 90% of its initial activity after heating at 55 C for 20 min (Fig. 1) . This clearly indicated that T47S and D249G cooperatively elevated the thermal stability. The mutated enzyme with 4 (T47S, S62 P, Q144R and D249G) or 6 (T47S, S62P, Y77H, Q144R, N155S and D249G) or all 8 amino acid substitutions was constructed and its thermal stability at different temperatures was examined (Fig. 1) . As the number of combined amino acid substitution increased, the thermal stability of those mutated enzymes gradually increased. The mutated enzyme with all eight mutations, hereafter referred to as the thermostabale SPase, retained 95% and 67% of its initial activity after incubation at 57 C and 60 C for 20 min, respectively (Fig. 1) . Thus, each mutation produced a cumulative effect in terms of the thermal stability of this enzyme.
Enzymatic properties of the thermostable SPase.
The effects of pH and temperature on activity and sta- Fig. 1 . Effect of the combination of amino acid replacements on the thermal stability.
The wild type and mutated SPases were incubated at 55 C (white), 57 C (gray) and 60 C (black) for 20 min, and then the remaining activity was measured as described in MATERIALS AND METHODS. The value of thermal stability is represented as the rate of remaining activity to initial activity. The enzymes with 2, 4, 6 or 8 mutations represent the T47S D249G, T47S S62P Q144R D249G, T47S S62P Y77H Q144R N155S D249G or T47S S62P V128L K140M Y77H Q144R N155S D249G mutated enzyme, respectively. The thermal stability was shown as the rate of the remaining activity to the initial activity. bility are shown in Figs. 2 and 3 , respectively. The optimum pH of the thermostable SPase was 6.0 to 6.5 ( Fig. 2A) , and the enzyme was stable in a pH range of 5.0 to 9.0 (Fig. 2B) . The thermostable and wild type enzymes have similar properties in terms of optimum pH and pH stability (Fig. 2) . The optimum temperature of both the thermostable SPase and the wild type enzymes was 45 C (Fig. 3A) . The thermostable SPase was stable after heating at 55 C for 20 min, and about 60% of the activity was retained after heating at 60 C for 20 min. In spite of a significant increase in thermal stability, the optimum temperature for activity of the thermostable SPase was similar to that for the wild type enzyme (Fig. 3) .
Purification of thermostable SPase by heating and its utilization for amylose synthesis.
SPase can be used for amylose production from sucrose in combination with glucan phosphorylase. If any amylase activity is included in the enzyme solution, the molecular mass of amylose produced should be decreased because of hydrolysis. In addition to amylases, some kinds of phosphatase cause a decrease in the yield of amylose since the G 1 P produced by SPase is degraded. Therefore, it is necessary to remove these undesired activities from SPase preparation for amylose production. We found that sucrose protects the wild type enzyme from thermal inactivation, while other substrates, G 1 P or inorganic phosphate, do not (Yanase, unpublished results). The thermostable SPase was heated with or without 20% sucrose at 65 C for 20 min and the remaining activity was measured. The enzyme was completely inactivated in the absence of sucrose but more than 90% of the activity was retained in the presence of sucrose (data not shown). In order to evaluate whether the undesirable activities are inactivated by heating, the sonicated cell extract was prepared again and incubated with 20% sucrose at 65 C for 20 min. The cell extract was centrifuged and subjected to amylose production from sucrose. The amyloses produced by the purified enzyme and the heat treated cell extract were very similar in molecular mass and yield (Table 2 ). By contrast, the cell extract without heat treatment, which might include both amylases and phosphatases, produced amylose in smaller sizes and lower yields. These results indicated that the thermostable SPase can be easily and rapidly prepared by heating at 65 C for 20 min in the presence of 20% sucrose, and that the prepared enzyme is suitable for the production of amylose. (A) The activity was measured as described in MATERIALS AND METHODS in 50 mM sodium acetate (pH 3.0 to 5.0), sodium citrate (pH 6.0 to 6.5), Tris HCl (pH 7.0 to 8.0), glycine sodium (pH 9.0 to 10.0) buffer. The highest activity is denoted as 100%. (B) Each enzyme was incubated at 37 C for 30 min in 50 mM sodium acetate (pH 3.0 to 5.0), sodium citrate (pH 6.0 to 6.5), Tris HCl (pH 7.0 to 8.0), glycine NaOH (pH 9.0 to 10.0) buffer, and the remaining activity was measured. The highest activity is denoted as 100%. 
DISCUSSION
Thermostable enzymes have been used in various applications. For example, amylases have been used widely in starch industries.
13) It is also well known that a thermostable DNA polymerase is an essential tool in genetic engineering. Most of such thermostable enzymes are derived from the thermophilic archea or bacteria, 14 17) although some were produced by protein engineering. 11, 18) In the current study, we attempted to obtain a highly thermostable mutant of S. mutans SPase by random mutagenesis using error prone PCR. The screening method we employed is based on the detection of amylose synthesized from sucrose by the actions of SPase and glucan phosphorylase. This strategy is an excellent way to detect a thermostable mutant, since a positive mutant can be easily selected by the blue color of the amylose iodine complex, without measuring the remaining activity after heating. The heat treatment was carried out at 65 C for 20 min in the presence of 20% sucrose. , MW could not be determined since the products were too small. +, The amino acid residues contributed to the enhancement of the thermal stability of S. mutans SPase. , identical residues. The three catalytic amino acid residues are shaded. β1 β8 represent the β strands of the (β α)8 barrel in B. adolescentis SPase.
We identified eight amino acid substitutions (T47S, S62P, Y77H, V128L, K140M, Q144R, N155S and D249G) that contribute to the enhancement of thermal stability, and finally obtained thermostable SPase by combining all eight mutations.
Sprogoe et al . 3) recently analyzed the crystal structure of SPase from Bifidobacterium adolescentis which shows 38% identity to SPase of S. mutans. SPase is known as a member of the α amylase family, 19, 20) which is one of the well known enzyme families and categorized to the GH 13 family according to the CAZY 21) classification. The catalytic domain of the GH 13 family enzymes should have a parallel (β α)8 barrel structure, and the three catalytic acidic amino acid residues are completely conserved among these enzymes.
22) The alignment of SPase sequence from 5 species, including both S. mutans and B. adolescentis, is shown in Fig. 4 . D193, E234 and D292 are considered as the catalytic residues of SPase from S. mutans. 23) According to the β strands of (β α)8 barrel in the crystal structure of SPase from B. adolescentis, T47, S62 and Y77 are deduced to be located between the second and the third of β strands, while V128, K140, Q144 and N155 are between the third and the fourth. These 7 amino acid residues of SPase from S. mutans correspond to F46, E63, H78, L128, F140, K144 and V154 of SPase from B. adolescentis, which are located away from the catalytic site. It is interesting that the amino acid residues that contribute to the enhancement of the thermal stability of the enzyme are concentrated in the area away from the active center. This suggests that these regions are important for the structural stability of this enzyme. Unfortunately, it is impossible to identify the location of eight amino acid residues in the three dimensional structure of this enzyme, since the tertiary structure of this enzyme has not been reported.
In conclusion, we successfully engineered thermostable SPase using random mutagenesis. This thermostable SPase can be rapidly and easily prepared by heating at 65 C for 20 min in the presence of 20% sucrose, and the enzyme thus prepared is suitable for production of amylose from sucrose. To our knowledge, this is the first report to enhance the thermostability of SPase by protein engineering, and our results may be useful not only for the production of amylose but also in understanding the properties of SPase. 
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